Introduction
The glycemic index concept was developed in human nutrition in an attempt to characterize foods according to their postprandial glycemic response rather than their chemical composition (Jenkins et al., 1981) . The glycemic effect of a food in humans is influenced by the nature of the starch granules, the type of carbohydrates, the physical form of the food, and processing (Wolever, 1990) .
Energy intake of horses is primarily from carbohydrates in forages and grains. The majority of starch and sugar ingested is digested in the small intestine of hindgut fermenters and absorbed as monosaccharides.
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plasma glucose returned to baseline by 5 to 6 h in cornfed horses or after glucose administration. Meal consumption was slower in oat groats-fed horses than in corn-fed ones, which may confound the glycemic and insulinemic responses observed after grain feeding. Plasma glucose area under the curve (AUC) was 63% both in corn and oat groats and 57% in barley-fed horses compared with that of horses administered glucose (P = 0.13). Serum immunoreactive insulin concentration peaked between 2 and 3 h after feeding or glucose administration, and barley-fed horses had lower serum immunoreactive insulin concentration by 3 to 4 h than corn-fed horses or after glucose administration (P < 0.05). We conclude, in horses, ingestion of oat groats, corn, and barley result in similar plasma glucose AUC and, compared with the glycemic index of 100 as the glucose reference, corn, oat groats, and barley had a glycemic index of approximately 60.
Grains commonly fed to horses (oats, corn, and barley) contain on average 45 to 65% nonstructural carbohydrate (NSC) on an as-fed basis (50 to 73% on a DM basis; NRC, 1989) . Corn has a greater starch content than oats or barley (Borggreve et al., 1975; Murray et al., 2001) . In horses, oat starch has been more digestible than cornstarch in some (Meyer et al., 1993; 1995) , but not all (Potter et al., 1992) , studies.
Digestion of starch and sugar in feedstuffs provides most of the substrate required for muscle glycogen synthesis after exercise. The rate of muscle glycogen replenishment after exercise in humans and horses depends on glucose availability (Ivy et al., 1988; Lacombe et al., 2001) . Because of inherent differences in grains commonly fed to horses, the availability of glucose after ingestion of a grain meal may differ, which may affect muscle glycogen synthesis and athletic performance.
The current study was undertaken to determine the glycemic and insulinemic response of horses to ingestion of equal amounts of hydrolyzable carbohydrates in the form of one of three grain meals (cracked corn, steamed oat groats, or rolled barley), or intragastric administration of glucose. We hypothesized that oat groats would have higher glucose availability than corn and barley in horses, when assessed as the glycemic index compared with oral glucose.
Materials and Methods

Animals
Seven (three geldings and four mares) 4-to 11-yr-old Thoroughbred horses, with an average BW of 484 ± 17 kg average (±SE), and BCS of 4 to 5 out of 9, were used in this study (Henneke et al., 1983) . The horses had been trained 3 d/wk for 6 wk and were part of an exercise physiology study. Exercise consisted of 30 min of trotting at 4 to 4.5 m/s with the treadmill set at 4°i ncline. Horses were fed mixed hay and cracked corn (Table 1 ) to meet energy requirements described by the NRC guidelines for horses in a moderate-intensity exercise program before the study (NRC, 1989) . The diet consisted of 11 kg of mixed hay and 2.8 kg of corn daily, fed in two equal portions (as-fed basis). Horses were kept in 3 × 4 m stalls and had access to water and a trace mineral salt block (iOFIXT, Morton Int., Inc., Chicago, IL) at all times. Experiments were performed in compliance with the guidelines and recommendations of the Institutional Laboratory Animal Care and Use Committee of The Ohio State University.
Experimental Protocol
Horses were used in a randomized crossover design. Each of seven horses was studied on four occasions and randomly assigned to a treatment (glucose, corn, oat groats, and barley). The study was conducted during a 2-wk period, and between trials, each horse had at least a 2-d washout period, during which they were fed their regular diet (mixed hay and corn). Two weeks before the beginning of the study, the horses were adjusted to feed containing oat groats and rolled barley to familiarize them with all grains used during the study.
In each trial, following an 18-h feed withdrawal, horses were offered a meal of cracked corn, steamed oat groats, or rolled barley, or were administered a 50% (wt/vol) glucose solution by nasogastric intubation. All four treatments were designed to provide 2 g of available carbohydrate/kg of BW. Available carbohydrate was considered to be 100% for glucose solution, and the summation of starch and sugar for grains ( Table 1 ). The amounts of corn, oat groats, and barley offered to these horses were 1.5 ± 0.1, 1.9 ± 0.1, and 1.9 ± 0.1 kg (mean ± SE), respectively. Blood samples for determination of plasma glucose concentration were obtained via an indwelling jugular catheter before feeding, every 30 min for the first 4 h after feed was offered, and every 1 h for another 4 h, whereas blood samples for determination of serum immunoreactive insulin (IRI) concentration were only obtained before feeding, every 60 min for the first 4 h, and at 6 and 8 h after feeding. Horses were kept in a straw bedded stall and left undisturbed with the exception of blood collection. Horses were allowed to consume grain for a maximum of 3 h and remained muzzled until blood sample collection was complete (8 h). Unconsumed grain was removed and its weight recorded. Horses had access to water but no access to roughage during the entire 8-h trial.
Data from horses that did not consume more than 75% of the meal were not considered in the statistical analysis. One horse consumed only 62 and 28% of the oat groats and barley meals, respectively, and another horse consumed only 58% of the oat groats meal.
Analytical Methods
Blood samples were collected into tubes containing potassium oxalate and sodium fluoride for analysis of plasma glucose, and into tubes without additives for analysis of IRI. Within 10 min of collection, samples were centrifuged (1,500 × g) in a refrigerated centrifuge, and plasma and serum were collected and stored at −80°C until analysis. Glucose analysis was performed using a spectrophotometric method based on glucose hexokinase (glucose hexokinase kit; Sigma Diagnostics, St. Louis, MO). Analyses were performed in duplicate, and all samples obtained from one horse were analyzed in a single session to avoid interassay variation. Intraand interassay CV were 5 and 6.5%, respectively. Serum IRI was determined in duplicate by use of a commercially available RIA (Insulin kit; Coat-a-Count Diagnostics, Los Angeles, CA) validated for horse blood (Freestone et al., 1992) . Intra-and interassay CV were <10%, and the limit of detection was 5.08 IU/mL.
Mixed grass/alfalfa hay and grains were analyzed in a commercial laboratory for nutrient composition, starch, and sugar content (Cumberland Valley Analytical Services, Inc., Maugansville, MD). Cracked corn, steamed oat groats, and rolled barley were analyzed enzymatically for starch (Holm et al., 1986) and for sugar using a solvent extraction and enzymatic analysis (Dubois et al., 1956) (Table 1 ). The total amount of starch and sugar was considered to be the total amount of carbohydrate available to the equine small intestine for absorption as mono-and disaccharides and eventual transformation to glucose. Digestible energy was calculated from NSC, available protein (AP; CP − ADF − CP), ether extract (EE), protein-free NDF (NDFpf), and lignin (Lig), using an equation based on the Weiss (1993) ruminant equation and adapted by Cupp (2000) to equine diets:
Statistical Analysis
Data are presented as means and standard errors of the mean. Plasma glucose, serum IRI concentrations, and glucose:insulin ratios were analyzed using a mixed model with repeated measures with treatment, time, and the interaction of treatment and time as fixed effects, horse as random effect, and compound symmetry as the covariance structure (Milliken and Johnson, 1992; Steel et al., 1997) . Pairwise comparisons of treatment effects (glucose vs. corn, glucose vs. oats, glucose vs. barley, corn vs. oats, corn vs. barley, and oats vs. barley) and pairwise comparisons of treatment means within each time point (six comparisons at 13 time points) were performed by the Dunn-Sidá k multiplecomparisons procedure with adjusted P < 0.05 (Ludbrook, 1991; Pedhazur, 1997) . Areas under the concentration-time curve (AUC) were calculated by the trapezoidal method (Gibaldi and Perrier, 1982) for plasma glucose and serum IRI concentrations. The AUC obtained for the glucose treatment was considered to correspond to a glycemic index (GI) of 100, and the three grains were given a GI based on their AUC expressed relative to the reference AUC of the glucose treatment. Areas under the curve, time of consumption of grain meals, and amount of starch and/or sugar ingested were compared by one-way ANOVA with repeated measures, with the significance level set at P < 0.05. The Sigmastat 2.0 (Jandel Scientific, San Rafael, CA) and SPSS 12.0 (SPSS Inc., Chicago, IL) software packages were used for statistical computations.
Results
Meal Consumption
Average meal consumption was 97 ± 2, 95 ± 3, and 93 ± 4% for corn, oat groats, and barley, respectively. The amounts of hydrolyzable carbohydrates (starch plus sugars) ingested from corn, oat groats, and barley were 921 ± 37, 946 ± 65, and 869 ± 56 g, respectively. The quantity of glucose administered intragastrically was 939 ± 33 g. There was no difference among the four treatments in the combined amount of starch and sugar ingested (P = 0.7). The amount of DE provided was 4.8 ± 0.2, 5.7 ± 0.4, and 5.4 ± 0.3 Mcal for corn, oat groats, and barley, respectively. There was no difference among treatments in the amount of DE ingested (P = 0.10). The time needed to consume the entire meal or removal of the leftover grains was 50 ± 14, 126 ± 19, and 78 ± 25 min for corn, oat groats, and barley, respectively. The time needed to consume each meal was significantly longer for oat groats than for corn (P = 0.013).
Glycemic Response
Mean plasma glucose concentrations before treatments ranged from 4.1 to 4.5 mM. Plasma glucose concentrations peaked with all four treatments at 1.5 to 2 h after offering the meal or administering glucose (Figure 1) . In horses fed corn or administered glucose solution, plasma glucose concentrations at 5 to 6 h after feeding were similar to those before feeding. In contrast, horses fed oat groats or barley continued to have elevated plasma glucose concentrations 6 h after feeding (Figure 1 ). Plasma glucose concentrations were greater in horses given glucose than in corn-fed and oat-fed horses (P < 0.001), and tended to be higher in horses given glucose compared with barley-fed horses (P = 0.09). Specifically, plasma glucose concentrations were higher at 90, 120, and 150 min in horses given glucose than in oat-fed horses (P < 0.028), and at 240 min in horses given glucose vs. corn-fed horses (P = 0.032).
Area under the glucose concentration-time curve for horses given glucose, corn, oat groats, and barley were 818 ± 170, 519 ± 106, 514 ± 43, and 468 ± 42 mMؒmin, respectively, and were not statistically different (P = 0.22). Glucose AUC adjusted for hydrolyzable carbohydrate ingestion in horses given glucose, corn, oats, and barley were 818 ± 170, 529 ± 108, 510 ± 38, and 505 ± 40 mMؒmin, respectively. When the glycemic index of the glucose reference treatment was set to 100, the corresponding glycemic indices for corn, oat groats, and barley were 63, 63, and 57, respectively. The glycemic indices adjusted for hydrolyzable carbohydrate ingestion for corn, oat groats, and barley were 65, 62, and 62, respectively. 
Insulinemic Response
Serum immunoreactive insulin concentrations before feeding or glucose administration were below the limit of detection (<5.08 IU/mL). Serum IRI concentrations peaked in horses receiving all four treatments at 2 to 3 h after offering the meal or given glucose (Figure 2 ). Serum IRI concentrations declined gradually from 4 to 8 h in all four treatments. Serum IRI concentrations were lower in horses fed barley compared with horses fed oat groats (P = 0.006) and horses given glucose (P = 0.009). Specifically, serum IRI concentrations were lower at 180 min in barley-fed horses than in corn-fed horses (P = 0.03), and after glucose administration (P = 0.001) and at 240 min in barley-fed horses compared with those given glucose (P = 0.001).
Area under the serum IRI concentration-time curves for horses receiving glucose, corn, oats, and barley treatments were 7,860 ± 2,342, 5,637 ± 1,430, 5,314 ± 1,379 and 3,030 ± 502 IUؒmin −1 ؒmL −1 , respectively. Barleyfed horses tended to have lower serum IRI AUC compared with other treatments (P = 0.06). Serum IRI AUC adjusted for hydrolyzable carbohydrate ingestion in horses given glucose, corn, oats, and barley were 7,860 ± 2,032, 5,747 ± 1,315, 5,275 ± 1,526, and 3,274 ± 513 IUؒmin −1 ؒmL −1 , respectively. The plasma glucose:serum IRI ratios decreased from values greater than 0.7 to 0.9 before feeding or glucose (Figure 3) . Glucose:IRI ratios were higher in barley-vs. corn-fed horses (P = 0.03) or oat-fed horses (P = 0.001) and after administration of glucose (P = 0.005). Specifically, glucose:IRI ratios were higher at 120 min in barley-fed horses than in oat-fed horses (P = 0.04), and at 180 min in barley-fed horses than in cornfed horses (P = 0.03) and after glucose administration (P = 0.04).
Discussion
The current study examined the glycemic and insulinemic response to a meal of cracked corn, steamed oat groats, and rolled barley that provided approximately equal amounts of starch and sugars and compared these to intragastric administration of an equal amount of glucose. The main findings were 1) plasma glucose concentration peaked in all four interventions by 1.5 to 2 h after the onset of grain ingestion or glucose administration; 2) compared with plasma glucose AUC of horses administered glucose, plasma glucose AUC were approximately 57 to 63% in grain-fed horses; however, these differences did not reach statistical significance (P = 0.22); and 3) of the three grains studied, ingestion of corn resulted in the largest fluctuations in plasma glucose.
To our knowledge, this is the first study performed in horses to describe the glycemic and insulinemic re- sponse of feeding different grain meals that provide an approximately equal amount of starch and sugar content and to compare these to intragastric administration of an equivalent amount of glucose. This approach is similar to that of studies performed in human nutrition, in which the GI of foods is determined by serial measurement of plasma glucose concentration after ingestion of equal amounts of digestible carbohydrate in a food compared with a reference of glucose solution or white bread (Jenkins et al., 1981; Wolever, 1990) .
Previous studies performed in horses have compared the effect of ingestion of varying amounts of grains or concentrates on plasma glucose and serum insulin concentrations (Ralston, 1992; Stull and Rodiek, 1988; Pagan et al., 1999; Williams et al., 2001) . These studies showed that ingestion of grains, concentrates, and/or roughage meals results in moderate to marked hyperglycemia and hyperinsulinemia 1 and 3 h after eating. However, these studies compared ingestion of different grains or concentrates as equal weight or isocaloric meals, which did not result in ingestion of equal amounts of starch and sugar. In addition, these studies did not perform a reference intervention, such as administration of an equal amount of completely available carbohydrate.
The GI provides a way to classify carbohydrate-rich foods according to the magnitude of the glycemic response following intake (Jenkins et al., 1981) . Using a more physiologically based classification of foods based on the GI, dietetic strategies have been developed for human athletes and noninsulin-dependent diabetics. In human athletes, ingestion of high-GI foods after exercise results in greater synthesis of muscle glycogen (Burke et al., 1993) compared with ingestion of equal amounts of carbohydrates as low-GI foods. In contrast, ingestion of low-GI foods before exercise in endurance athletes may attenuate the insulin-mediated metabolic disturbances and may lead to more sustained carbohydrate availability (Thomas et al., 1991) . Similarly, low-GI diets have been shown to improve glycemic control in noninsulin-dependent diabetics and to reduce serum lipids in hyperlipidemic subjects (Jenkins et al., 2002) . Lower insulin sensitivity has been demonstrated in inactive and obese horses (Powell et al., 2002; Hoffman et al., 2003) , and it has been proposed to play a role in the undefined syndrome referred to as equine metabolic syndrome or equine peripheral cushingoid syndrome (Johnson, 2003) . Description of the GI of horse feeds is a prerequisite to defining dietetic strategies useful for athletic horses and those afflicted with clinical conditions related to lack of insulin sensitivity.
The magnitude of the glycemic response to ingestion of a carbohydrate-rich meal reflects the rate of digestion and absorption. In the case of grains commonly fed to horses, starch makes up most of the carbohydrate; therefore, inherent differences in starch digestibility among grains may be reflected as different GI. Several studies using horses or ponies with ileal or cecal fistulae have determined that small intestinal starch digestibility depends on its botanical origin and prior physical or thermal treatment. However, there is conflicting evidence for the difference in small intestinal starch digestibility between grains commonly fed to horses. Several studies have shown that corn has a lower small intestinal starch digestibility (29 to 45% depending on prior processing) than oat starch (80 to 99%) or barley starch (81%) (Meyer et al., 1993; 1995; De Fombelle et al., 2001) . However, other studies indicated that starch digestibility was not different between corn (80%), oats (81%), and barley (95%) (Potter et al., 1992) and between corn (71%) and oats (98%) (Radicke et al., 1991) . In addition, alteration of the structure of cornstarch granules by grinding or thermal treatment significantly increases small intestinal digestibility (Meyer et al., 1995; Keinzle et al., 1997; Hoekstra et al., 1999) . Despite possible differences in starch digestibility between different grains observed in previous studies, the glycemic response assessed as the glucose AUC did not differ among the corn, oat groats, and barley in the current study.
One limitation of this study is the fact that the rate of ingestion was unequal among the grains. Despite familiarization with ingestion of all three grains for 2 wk before the study, it took twice as long for these horses to eat an oat groats meal as it did a meal of cracked corn. The shape of the glycemic responses after glucose administration and corn ingestion were similar and seemed to have larger fluctuations in plasma glucose compared with oats and barley. This effect may be related to a slower rate of ingestion of oat groats and barley compared with corn. We suggest that some of the differences related to the rate of ingestion should be accounted for by calculation of glucose AUC and the prolonged period of blood collection.
The upper limit of small intestinal starch digestibility in horses has previously been reported to be 0.2 to 0.4% of BW per feeding (Potter et al., 1992; Meyer et al., 1995) . The starch and sugar ingestion in this study was 0.19 ± 0.01% of BW, and no adverse effects were observed.
Implications
Horses are fed grains after exercise to meet energy requirements and provide substrate for muscle glycogen replenishment. This study showed that ingestion of three different grains (cracked corn, steamed oat groats and rolled barley) at approximately equal levels of starch plus sugar intake resulted in similar glycemic responses (assessed as glucose area under the curve over time). In addition, the magnitude of glycemic responses after ingestion of grains was approximately 60% of that after administration of an equivalent amount of glucose in the stomach. Characterization of grains commonly fed to horses according to their glycemic response may serve to develop nutritional strategies intended to maximize glucose availability (as in athletic horses for muscle glycogen synthesis) or when intending to minimize fluctuations in plasma glucose (as in clinical conditions suspected to be associated with a lack of insulin sensitivity in horses).
